Schistosomes are parasitic blood flukes, which cause the chronic disease schistosomiasis, afflicting more than 200 million people world wide. Schistosomes have a complex life cycle with two hosts and two free-living stages which migrate from one host to the next. The adult parasitic worms of Schistosoma mansoni live in the blood vessels of their final host, man. They have a fermentative metabolism and produce mainly lactate from glucose which they obtain from their host [ 11. Cercariae, the preceding free-living stage of S. mansoni, on the other hand, have an aerobic energy metabolism. They live in water and are completely dependent on the degradation of their endogenous glycogen reserves for the generation of their energy. This glycogen is mainly metabolized via the Krebs cycle to COZ [2] . When these cercariae penetrate the final host, they transform into schistosomula and switch very rapidly from Krebs cycle activity to the production of lactate [3, 4] . This switch is the result of the mere presence of glucose, which Abbreviations used: FBP, fructose 1 ,6-bisphosphate; G6P, glucose 6-phosphate. results in an increased glycolytic flux [5] . An essential role in the switch to lactate production is probably played by hexokinase, because cercariae only start producing lactate after the addition of glucose to their medium. In order to gain a better understanding of the bioenergetics of S. mansoni, we purified and further characterized its hexokinase.
Hexokinase from S. mansoni was purified via DEAE-cellulose, using the property that it can be eluted from an anion-exchange column with 5 mM fructose 1,6-bisphosphate (FBP). Further purification was achieved by Sephadex-G100 and chromatofocusing chromatography. This revealed that the activity was associated with a single protein species of molecular mass about 50 kDa [6] . Kinetic studies on this partially purified enzyme demonstrated a high affinity for glucose (K, 61 pM). The K , for ATP was 2.4 mM and the enzyme showed little activity with galactose, a low affinity for fructose, and a V , , , with mannose or glucosamine that is considerably below that with glucose [6] .
The schistosomal hexokinase was found to be sensitive to inhibition by glucose 6-phosphate (G6P) and this inhibition was competitive (versus ATP) with a Ki of 53 pM [6] . The inhibition by G6P was shown to be less severe than that of bovine heart hexokinase by G6P. Furthermore the schistosomal hexokinase was also less inhibited by fructose 6-phosphate and glucose 1 ,bbisphosphate than bovine heart hexokinase. Bovine heart hexokinase was insensitive to inhibition by FBP at concentrations that significantly inhibited the schistosomal enzyme. This remarkable difference in sensitivity to FBP also explains why 5 mM FBP could be used to elute the schistosomal enzyme from the anion-exchange column, whereas type-I1 hexokinase from rat skeletal muscle was not eluted under these conditions [6] . Schistosomal hexokinase apparently resembles the mammalian types of hexokinase in their sensitivity to inhibition by sugar phosphates, but its susceptibility is different: it is less sensitive to inhibition by its product, G6P, and to inhibition by fructose 6-phosphate and glucose 1,6-bisphosphate, but it is more sensitive to inhibition by FBP.
The schistosomal enzyme is structurally related to other members of the hexokinase family. The protein was recognized on Western blots probed with antisera against rat type-I hexokinase. Furthermore the schistosomal hexokinase was shown to be homologous to other hexokinases. Using oligonucleotides based on conserved sequence motifs of known hexokinases, a full-length cDNA encoding the S. mansoni hexokinase was cloned and sequenced [7] . This revealed that the schistosomal hexokinase is 46% homologous to the C-terminus of rat hexokinase [8], 40% homologous to rat liver glucokinase [9] and 34% homologous to yeast hexokinase A [lo] . It was demonstrated that an 18-residue N-terminal sequence of the purified schistosomal hexokinase was identical with that deduced from the nucleotide sequence of this cloned cDNA, which is consistent with the view that the cloned cDNA encodes the purified and characterized hexokinase [6, 7] . This hexokinase is the major, if not only, hexokinase expressed in adult schistosomes and is probably encoded by a single-copy gene. The hexokinase described was obtained from adult schistosomes and not from cercariae, because of the very limited amount of material available from this stage. However, our studies with crude homogenates revealed that cercariae contain a hexokinase with the same characteristics as the enzyme purified from adults. Furthermore the cercarial hexokinase was recognized by antibodies raised against the recombinant hexokinase from adults, which is the major and probably sole form of the enzyme in adults [7] . Moreover, a single mRNA was detected with the cloned cDNA as probe in both adults and cercariae [7] . This indicates that only one form of hexokinase is present in both cercariae and adults.
The relationship of this schistosomal enzyme to other hexokinases is an interesting one: with its relatively high affinity for glucose and sensitivity to inhibition by its product, G6P, it kinetically resembles the 100 kDa mammalian hexokinases, but its molecular mass is only 50 kDa. The discovery of such an enzyme, which is also homologous to mammalian hexokinases, supports the suggested model of hexokinase evolution in which sensitivity to inhibition by G6P was first acquired by an ancestral 50 kDa hexokinase, before gene duplication and fusion gave rise to the present-day G6P-sensitive 100 kDa mammalian isoenzymes. For a more extensive discussion of the evolution of hexokinases, including the position of the schistosomal one, see [ll-131. Hexokinases are now viewed as having evolved from an archetypal 50 kDa enzyme that was not inhibited by G6P. A comparable hexokinase is still present in yeast. This enzyme is suggested to have acquired a regulatory site, which resulted in sensitivity towards G6P. Such G6P-sensitive 50 kDa isoenzymes are known to exist in lower marine animals [14] and silkworms [15] . Their sequences and hence their relationship to the mammalian isoenzymes are not known, however. The schistosomal hexokinase is the first G6P-sensitive 50 kDa hexokinase for which the sequence has been elucidated [6, 7] . The extensive sequence similarity to the mammalian isoenzymes is consistent with the view that the 100 kDa isoenzymes were formed via duplication and fusion of a gene encoding an ancestral hexokinase, the descendant of which still exists today as a G6P-sensitive 50 kDa hexokinase in S. mansoni.
The structural basis for the binding of the inhibitor G6P is as yet unknown. In principle, comparison of the sequences of the schistosomal hexokinase and the G6P-sensitive mammalian enzymes should reveal amino acids that are conserved in these enzymes and absent from the G6P-insensitive hexokinases. These groups could then be modified by site-directed mutagenesis to investigate whether they are indeed involved in G6P binding. To date, however, the Volume 25 exact structure of this regulatory site is not known. The S. mansmi hexokinase has very recently been expressed in Escherkhia coli and purified to near-homogeneity [ 161. Therefore the purified schistosomal enzyme is now available in sufficient amounts for structural studies, which could reveal the structural basis of G6P regulation.
Hexokinase plays a distinctive role in the transition in energy metabolism that occurs in schistosomes when free-living cercariae enter the host. Cercariae penetrate the skin of the host using proteolytic enzymes and the driving force provided by the tail. During this penetration, the tail is lost and it is the cercarial body, now called the schistosomulum, that develops into the parasitic worm inside the host. The switch from Krebs cycle activity to lactate production is not linked to the biological transformation, which includes many morphological and physiological changes and starts immediately after the penetration. The metabolic switch to lactate production occurs only in the cercarial body and not in the tail [2]. Furthermore the metabolic switch is triggered by the external glucose concentration and is fully reversible [S]. In the presence of only trace amounts of glucose, endogenous glycogen reserves are degraded mainly to C02, whereas at higher glucose concentrations mainly lactate is formed, this time from external glucose. The switch is reversible, as the metabolism in schistosomula can be switched back and forth between the aerobic and anaerobic patterns by successive changes in glucose concentration [5] .
It should be noted that the switch in metabolism is not caused by changes in the substrate, i.e. between glycogen and external glucose, as has been suggested to occur in vascular smooth muscle [17]. First, it has been demonstrated that, in adult schistosomes, glycogen and glucose are degraded to virtually the same end products [18]. Secondly, it has been shown that in schistosomula glucose could be degraded to mainly lactate, as well as mainly C 0 2 [5].
Apparently, in schistosomes the so-called Crabtree effect occurs: increased lactate production and inhibition of respiration by glucose. A similar effect of glucose is found in spermatids, which have an aerobic energy metabolism at low external glucose concentrations and switch to massive lactate production as soon as the external glucose concentration is raised [ 191. The increased lactate production when glucose is available points to the presence of a glycolytic system with the capability to increase the glycolytic flux. This glycolytic system has a different kind of control; its rate of glucose utilization is not solely dependent on the energy requirement. Such systems have been described in newly fertilized eggs, in normal proliferating cells and in neoplastically transformed cells [20-231. As the degradation of glycogen by schistosomula does not lead to a large lactate production, a distinct role for hexokinase in the switch in energy metabolism is indicated (Figure 1 ). This would be in agreement with observations in many During the transformation of cercariae into schistosomula, Krebs cycle activity (bottom part) is replaced by lactate formation. The glycolytic flux is increased by the driving force of the phosphorylated glucose, produced by the large amount of hexokinase present, which has only moderate sensitivity to inhibition by G6P.
In schistosomes FBP is an activator of pyruvate kinase (PK) and lactate dehydrogenase (LDH) and thereby provides the indicated feed-forward stimulation of glycolysis. AcCoA, acetyl-CoA; G I P, glucose I -phosphate; HK, hexokinase; PEP, phosphoenolpyruvate; PYR, pyruvate. 
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other systems with a rapid glycolytic flux and a massive lactate production where altered regulation at the hexokinase step is a factor contributing to high glycolytic flux [22, 24, 25] . T h e regulation of hexokinase is complex and involves both feedback inhibition by G6P and, at least in mammalian tissues, functional interaction between mitochondrially bound hexokinase and intramitochondrial ATP-producing reactions [ll] . This latter aspect does not apply here, as the schistosomal hexokinase does not bind to mitochondria, which is consistent with its lack of a hydrophobic segment at the N-terminus [6].
The hexokinase of S. mansoni is less sensitive to inhibition by its product, G6P, than the mammalian type-I and -11 isoenzymes. Recent studies on this enzyme, expressed in E. coli and purified, suggest an even lower sensitivity to inhibition by G6P (Ki-150 pM) [16] .
In addition to hexokinase, 6-phosphofructo-1-kinase is also a key enzyme in controlling the rate of glycolysis. T h e regulation of this enzyme and the possible role of fructose 2,6-bisphosphate, however, have not yet been thoroughly investigated in schistosomes, although it is known that transformation of cercariae into schistosomula results in increased levels of fructose 2,6-bisphosphate [6] . We have also found evidence that glycolysis in schistosomes is regulated by FBP, which stimulates both pyruvate kinase and lactate dehydrogenase thereby providing feed-forward stimulation (Figure 1) .
Cercariae are apparently well adapted to initiate active glycolytic metabolism on the availability of an abundant supply of glucose, causing an increased glycolytic flux leading to the large lactate production observed under these conditions (Figure 1) . Moreover, hexokinase mRNA is expressed at high levels especially in cercariae and schistosomula [26] . Thus the marked Crabtree effect seen in S. mansoni cercariae can, at least partially, be attributed to the expression of high levels of a hexokinase with a high affinity for glucose and only a moderate sensitivity to inhibition by G6P. This is a clear example of the tactics generally applied by parasitic worms [27] . If they have to provide their own food, parasites live very economically on their own endogenous stores, degrading them via the Krebs cycle. However, when the host provides the food, then parasites consume large amounts, which they use in fermentative pathways resulting in much waste, but as they are surrounded by food, there is little need for economy. Blood-dwelling parasites such as schistosomes live in the 'land of milk and honey' and have an even more opportunistic approach: they degrade glucose to lactate, the least energy-efficient process, but the one that can proceed most rapidly, a high-power process. Figure 6 . I of ref.
[6], but the curve for hexokinase C is redrawn to give a more accurate representation of the degree of inhibition by excess substrate. hexokinase C having the highest affinity. Isoenzyme D on the other hand is a low-affinity hexokinase as its half-saturation concentration is one to two orders of magnitude higher. I deliberately avoid the expression 'high-& hexokinase', because, owing to the co-operativity of hexokinase D with respect to glucose, it is not correct to refer to a K,.
How specific is hexokinase D?
Despite the differences in affinity for glucose, all the mammalian hexokinases phosphorylate several other sugars, such as mannose, fructose and 2-deoxyglucose. Of particular interest is the specificity in relation to fructose phosphorylation, as the name 'glucokinase' was given to hexokinase D because of its relatively low capacity for phosphorylating fructose at the concentration of 100 mM [16-181, a concentration at which the purified hexokinases A, B and C phosphorylate fructose 1.1 to 1.3 times faster than glucose [2,3]. However, for hexokinases A, B and C this concentration is saturating for both hexoses, whereas for hexokinase D it is nearly saturating for glucose, but well below saturating for fructose. By normal measures of specificity, hexokinase D is in reality no more specific for glucose than the other three, and the limiting rates actually favour fructose over glucose by a factor of 2.4 [19]; it just functions in a different range
